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Abstract 
This paper presents a structured qualitative approach to analysing the varied kinds of information from a CO2 
storage site, so as to produce scenarios that are amenable to numerical analysis. The approach is illustrated by 
application to an industrial scale CCS project at Krechba, In Salah, in Algeria.   
A structured approach is needed to support assessments of the likely performance of CCS systems over 
operational, monitoring and longer term time-frames. Very varied information concerning such systems’ engineered 
and environmental components must be obtained and evaluated to attain sufficient confidence that performance will 
be acceptable. Computer simulations and risk assessment models are needed to help understand the behaviour of 
CO2 and place plausible bounds on the temporal evolution of all aspects of the system. The outcomes will be 
uncertain, even if underpinning data sets are of good quality 
The approach included identification of the important the Features, Events and Processes (FEPs) that together 
describe the Krechba system and its likely evolution. An ‘expected evolution’ scenario was then identified by 
systematically evaluating existing knowledge. Scenarios describing potential situations that could involve alternative 
evolution mechanisms were also identified; these included consideration of mechanisms that could in principal lead 
to containment failure. These scenarios need to be analysed to show that they are either unlikely to occur and/or will 
be of limited impact and so do not represent threats to adequate performance.  
After audit against Quintessa’s freely available generic online CO2 FEP database to ensure and demonstrate 
comprehensiveness, the site-specific scenarios identified and the associated list of remaining uncertainties, were 
used to prioritise future (e.g. systems modelling) work. The outcomes of this and other data analysis and modelling 
programmes will be used to update the FEP and scenario descriptions. 
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1. Introduction 
Assessments of the likely performance of CO2 storage systems over operational, monitoring and longer term 
time-frames are necessarily complex. Attaining a sufficient level of evidence that performance will be acceptable 
involves considering a wide range of data concerning the nature of the engineered and environmental components 
for such systems. Computer simulations and risk assessment models are needed to understand CO2 behaviour and 
place bounds on the evolution of other aspects of the system with time (e.g. Metcalfe et al [1], Maul et al [2][3]). All 
of this will be subject to significant uncertainty, even if underpinning data sets are of good quality. 
It can be very difficult to consider together all these complex sources of information and understand what they 
really mean for long-term performance of a CO2 storage site, given remaining uncertainties. This is where the use of 
a systematic qualitative framework can help. Such a framework has been developed and applied in other sectors, but 
its application to CO2 storage is presently in its infancy (Maul et al [2]). The present paper describes the adaptation 
and application of the methodology to the Krechba CO2 storage site at In Salah, Algeria, which is being operated 
during the In Salah Gas Project. 
2. The In Salah Project 
The In Salah Gas Project (ISG) is a Joint Venture (JV) Project between BP (33%), Sonatrach (35%) and Statoil 
(32%) that involves the exploitation of several natural gas fields in central Algeria (Mathieson et al. [4], Iding and 
Ringrose [5]) (Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  The location of the CO2 injection project at Krechba, In Salah, Algeria (after Mathieson et al. [4]). 
Upon extraction the natural gas contains 5-10% CO2, most of which must be separated to attain a residual 
concentration of 0.3% before the gas can be sold to European markets.  Since 2004 the CO2 has been compressed, 
dehydrated, transported, and then injected into the saline water-bearing leg of the producing gas formation in the 
Krechba Field. The CO2 storage reservoir is a Carboniferous sandstone formation at a depth of c. 1850 m –               
c. 1950 m below the surface, which is sealed by a mixed rock sequence of c. 950 m of predominantly mudstones.  
This sequence is overlain unconformably by c. 900 m of Cretaceous sandstones and minor mudstones. The 
Cretaceous sandstones include a regional aquifer containing potable water.  
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With the support of the European Commission under the auspices of the CO2ReMoVe Project, a consortium of 
energy companies, universities, research institutes and service companies is carrying out a Performance Assessment 
(PA) of the Krechba storage system. The aim is both to evaluate the performance of the CO2 storage system and also 
to refine and demonstrate the applicability of PA methodologies, with a view to establishing best practice. 
3. Qualitative Assessment Framework Application to the Krechba CO2 Storage System at In Salah 
3.1. Overview 
The aims of the qualitative assessment framework applied to In Salah during the CO2ReMoVe project are to: 
 ensure that the aims and objectives of the PA are discussed and established, with appropriate underpinning 
rationale and agreement from relevant parties (i.e. derivation of an appropriate assessment context); 
 agree relevant PA timescales (operational, monitoring, post-cessation of control), and the different performance 
measures of interest over those timescales; 
 identify the key aspects of the system that are central to PA, associated conceptual models and justification, 
related data and remaining uncertainties; and 
 derive alternative system evolution scenarios, including plausible ‘best estimate’ scenarios and ‘low-likelihood 
high-impact scenarios’ that require assessment to establish likely performance with time. 
 
An integrated approach is required to consider together all these complex sources of information and understand 
what they really mean for long-term performance of a CO2 storage site, given remaining uncertainties. Development 
and application of systematic qualitative framework methodologies can help in this regard. The primary aim of such 
approaches is to recognise those aspects of the system that are key to performance, and how those aspects might 
evolve with time, in order to identify and assess the associated risks. Use of a best-practice systematic approach also 
helps build confidence in the outcomes by demonstrating completeness and transparency.  
The first stage is normally to review the system and its knowledge base to identify and understand qualitatively 
the main risks associated with the storage system. The second stage is to collate all the knowledge necessary to 
estimate those risks, and the third stage uses the collated information to address potential performance issues. 
Outputs then provide either a final statement on performance or can be used to help prioritise further data 
acquisition, collation and assessment. What happens in between these stages depends upon the complexity of the 
assessment required. The process is summarised Figure 2. 
The evidence sources required to evaluate CO2 storage system performance and to identify and to minimise 
uncertainties will typically include actual site data, and outputs of complex analyses such as geomechanical and 
reservoir models, and well seal evolution models. Additional information comes from systems level models (e.g. 
Maul et al. [2]) and tools to support decisions and presentation of results (e.g. Metcalfe et al. [1]).  
These context, timescale, performance measure, conceptual model and scenario definitions can then be used to 
direct, audit, prioritise and integrate performance assessment work. 
3.2. Process 
To ensure that decisions and assessments made were derived, tested, challenged and agreed by individuals with 
appropriate expertise, the analysis was undertaken through two workshops involving experts from CO2ReMoVe 
partner organisations and the site operators. The process involved the following phases. 
 
 Agreement of assessment context, including timescales and performance measures. 
 Identification of high-level Features, Events and Processes (FEPs) that describe the key characteristics of the site 
and its evolution.  
 Identification of ‘external’ FEPs, which are FEPs that are part of the global process system, while being external 
to the storage system, but able to act upon it to alter its evolution (e.g. seismic activity). 
 Consideration of FEPs and EFEPs to identify the ‘normal evolution’ i.e. ‘best estimate’ scenario for the 
timescales agreed. ‘Alternative evolution’ variants exploring important alternative FEP representations and 
uncertainties are also identified. 
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Figure 2: Qualitative Assessment Process 
 
 Review of FEPs against ‘generic’ FEP lists (e.g. [6]) to build confidence that the assessment is complete. 
 Review of scenarios to identify key uncertainties. Review and update FEP descriptions relating to those 
uncertainties, to establish rationale for treatment, and to understand implications of remaining data gaps. 
 Recommendation of the key scenarios and the most important uncertainties to be addressed in future work. 
3.3. Assessment Context 
Guidance on the role of performance assessment for CO2 storage facilities from legislative documents (such as 
the EC Directive and OSPAR framework [7] [8]) was discussed at the expert workshops, and is not repeated here. 
The key issue for discussion was that of timeframes for assessment, and associated performance measures. It was 
noted that the current JV plans are for extraction of natural gas to occur over a total timescale of up to 30 years (e.g. 
[3]), and that CO2 injection will also cease on these timescales, given that the stored CO2 is produced by separation 
from the natural gas. The following broad timescale categories were therefore defined. 
 
 An ‘operational’ assessment time period (of the order of 20-30 years for In Salah). 
 A ‘closure/monitoring’ assessment time period (up to several decades). 
 A ‘long-term’ period (of 1,000+ yrs; upper limit undefined). 
 
In reality, the appropriate timeframe for the closure/monitoring period should be very site-specific and driven by 
the time it takes for the assessed risk of leakage to reach a level at which it is appropriate to transfer Stewardship 
from the Developer back to the National competent authority. In some cases, that timeframe will be short (1-2 years) 
and in others, it could be many decades. 
Performance measures of interest vary across these timeframes. Operational assessments will primarily focus on 
capacity and injectivity. The closure/monitoring period concerns assessing performance through comparison with 
monitoring results, so as to establish and build confidence in containment. The long-term PA concerns bounding 
uncertainties in the potential evolution of the site to show that the system is evolving to a state of long-term stability 
consistent with permanent CO2 containment (consistent with EC Directive requirements [7]).  
 These timeframes were agreed to be appropriate for the purposes of the current high-level scenarios work. 
However it was noted by participants that for every CO2 storage system to be assessed, it is important to clearly 
identify the timeframes of interest and the different performance measures that apply (e.g. the ‘operational’ 
assessment time period and associated measure may differ for other sites). This is important to demonstrate full 
compliance with the EC Directive.  
 
Undertake Assessment of Performance / 
Risks (Simple Qualitative Estimates and/or 
System Impacts Modelling)
Identify Aspects of the System and its 
Evolution that Need to be Understood to 
Assess Performance / Risks 
Collate Information Required to Assess 
Performance (Site Data, Modelling etc)
Agree Performance Assessment Aims
Iterate if Required
Stage 1. Analysis of System 
and Performance 
Requirements
Stage 2. Supporting Data 
Collation / Modelling Studies
Stage 3. Assess Risks / 
Predict Performance 
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3.4. Krechba Knowledge Base 
The analysis used information from operations and site monitoring data, detailed (e.g. reservoir) models, and 
expert judgement and analysis. Relevant sources include, e.g., seismic, core, image log, mud loss data, and fracture 
modelling of the In Salah system; (e.g. [4]); satellite imaging and surface deformation monitoring ([3]; [9]; [10]); 
coupled geomechanical reservoir modelling undertaken by / for the JV [11] and simulations undertaken by 
CO2ReMoVe partners.  
3.5. FEP Analysis 
The experts identified, through a top-down elicitation process, a list of key FEPs that are necessary to describe 
the present day condition and likely evolution of the Krechba CCS system. Full descriptions were elicited, including 
statements on the evidence base underpinning judgements made and remaining uncertainties. Elicitation involved 
the experts agreeing answers to the following questions: 
 
 What are the key performance-relevant features of the system? 
 By what processes do these performance-relevant features interact? 
 What processes originating outside the system’s boundaries (i.e. EFEPS) might affect the system? 
 How do these EFEPs affect the processes by which the performance-relevant features of the system interact? 
 
For example, the importance of establishing the lateral boundaries of the storage system was emphasised; this 
will depend upon an understanding of various FEPs relating to gas transport including multi-phase interactions, plus 
an understanding of the nature of the reservoir stratigraphy. The characterisation of relevant FEPs can be linked to 
data sources such as those referred to above; in particular the satellite and surface deformation data can be used to 
help understand the current lateral extent of the system. 
In this way, 94 Krechba system FEPs were identified, corresponding to the broad categories indicated in Box 1.  
Box 1 Key Krechba FEP categories 
Storage System FEPs 
FC1. Injection Wells 
FC2. Production Wells 
FC3. Observation Wells 
FC4. Other Wells 
FC5. Storage system geology 
FC6. Storage system fluids 
FC7. Sealing (cap) rock 
Geosphere FEPs 
FG1. Stratigraphy  
FG2. Hydrogeological properties 
FG3. Overburden fluids 
Biosphere FEPs 
FB1. Aquifer exploitation 
FB2. Vegetation 
FB3. Unsaturated zone 
FB4. Water features 
FB5. (Local) Meteorology 
FB6. Fauna      
FB7 & FB8 Topography & deformation 
 
The analysis of FEPs within each category was comprehensive, but discussions were focused on those issues 
judged to be of highest import by the experts present at the workshop (e.g. faults/fractures, fluid migration and two-
phase interactions, etc).  26 EFEPs categories were also considered. The EFEPs were then screened, by: 
 
 removing those EFEPs that were deemed so unlikely to occur as to not warrant further consideration; 
 removing those that are functionally similar to FEPs that are taken forward (i.e. if several FEPs/EFEPs would 
have similar overall impacts and likelihoods, then only one was taken forward to generate a scenario).  
 
The reasons for screening EFEPs were carefully documented, to provide an audit trail. Four were taken forward 
for further consideration: 
 
1. Seismicity (including induced seismicity). 
2. Global climate change (and implications for enhanced erosion of near-surface system components). 
3. Technological developments, improvements in site understanding leading to design changes (during 
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operation; e.g. re-evaluation of storage system, increased pressurisation etc). 
4. Human activities in the surface environment (e.g. creation of new settlements). 
 
The FEPs and EFEPs identified were then audited against Quintessa’s on-line CO2 FEP database [6] to determine 
whether any important ones had been missed (see Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Audit against Online FEP Database 
3.6. Scenarios 
Based upon descriptions of the key FEPs and EFEPs identified as relevant to describing the ‘best estimate’ 
description for the site and its evolution, a Normal Evolution scenario definition was elicited (Box 2).   
 
 Box 2  Krechba Storage System Normal Evolution Scenario description  
 
CO2 injection:  operations will be in line with current site operator plans; 
 will achieve a defined temperature and pressure. 
CO2 transport: 
 
 lateral extent of the CO2 will remain within the lateral extent of the caprock; 
 2-phase transport within storage system plus CO2 migration into/within faults and fractures; 
 transport in faults and fractures will enhance CO2 dissolution and diffusion into rock matrix. 
Caprock: 
 
 will be tight against vertical transport, with permeability as currently estimated; 
 will behave in the same manner as for the methane reservoir; 
 will provide a measure of secondary containment following diffusion. 
Well seals: 
 
 will behave ‘as designed’; 
 older wells will be re-sealed if necessary such that performance is as for ‘new’ wells; 
 will degrade, but slowly over the long term. 
Monitoring: 
 well seals will be monitored in line with regulations, and remediated if seepage occurs; 
 monitoring of the primary and secondary geological containment systems will continue. 
The biosphere: 
 will be as currently observed and will not evolve significantly. 
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Where uncertainties were identified regarding the overall evolution of the system, alternative scenarios or 
variants were identified to bracket the envelope of potential performance (Box 3). These scenarios represent 
alternative potential representations of key FEPs and interactions; and/or reflect conceptual uncertainties associated 
with the potential impact of EFEPs on the process system.  
There was no quantification of the relative likelihood that each alternative evolution scenario occurs compared to 
the Normal Evolution scenario. However, the experts agreed that the alternatives should be regarded as ‘less likely’ 
to occur than the Normal Evolution scenario. An aim of future PA will be to prove that scenarios representing loss 
of containment will be very unlikely to occur and/or that leakage rates will be extremely low even if they do occur. 
 
Box 3  Krechba System Alternative Evolution Scenarios, noting differences from Normal Evolution  
Alternative Evolution Scenario 1: 
Well Seal Failure 
The well seals were recognized to be particularly important potential influences 
on overall system performance.  The following scenario variants were 
identified for analysis, corresponding to the Normal Evolution Scenario, plus: 
Well Seal Failure Variant 1 Absence of one or more legacy well seals.  
Well Seal Failure Variant 2 Poor quality well seal(s) leading to enhanced degradation.  
Well Seal Failure Variant 3 Surface erosion processes leading to enhanced degradation over long 
timescales. (including the effects of global climate change on erosion). 
Alternative Evolution Scenario 2: 
Improvements in Site 
Understanding Lead to 
Design/Operation Changes 
Explores the potential impacts of changes to system understanding - and thus 
closure design and/or operational approach - during the operational and 
monitoring phases.  
Alternative Evolution Scenario 3: 
Filling to Over Present Design 
Capacity 
This scenario recognises the possibility that future human actions could lead to 
filling of the system to a level that would be over capacity according to the 
present design (and thus the Normal Evolution scenario). Two variants were 
identified: 
Filling to Over Present Design 
Capacity Variant 1 
Intentional Over Filling. This variant recognises the potential that future site 
operators may decide to fill the reservoir to beyond the currently anticipated 
pressures. 
Filling to Over Present Design 
Capacity Variant 2 
Unintentional Over Filling. Here ‘accidental’ over filling occurs. 
Alternative Evolution Scenario 4: 
Seismic Effects 
The potential action of seismic effects on the system should be addressed, not 
least to confirm it is a ‘low probability’ scenario. 
Alternative Evolution Scenario 5: 
Additional Extraction of Water 
from Aquifers 
Identified to consider the potential for enhanced use of overburden waters for 
human consumption and irrigation; ‘low probability’ given the nature of the In 
Salah biosphere. 
3.7. Priority Issues for Ongoing Monitoring and Assessment 
The analysis led to the identification of a number of issues that represent priorities for further monitoring and 
assessment. Issues that cannot easily be further investigated by data gathering alone may be assessed by 
investigating the impacts of different modelling assumptions through additional scenarios and variants. The issues 
identified, corresponding to ‘risks’ to project success that need to be addressed by assessments of the derived 
scenarios – and that may therefore present priorities for future monitoring and data acquisition – include those listed 
below. This analysis of priority issues / project risks is broadly consistent with those undertaken by the JIP Partners 
in separate studies using other risk estimation methodologies (e.g. Mathieson et al, 2010 [3]).  
1. Evolution of injection pressure, including the pressure of CO2 close to injection, with time. 
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2. Likely extent of lateral migration (extent with time, likelihood of early interaction with other domains). 
3. Role of faults and fractures in providing lateral / vertical transport pathways. 
4. Status of previously abandoned wells and their seals. 
5. Likely future rates of degradation of new and old abandoned well seals. 
4.   Summary 
A qualitative PA framework was devised and implemented for the Krechba CCS system. The framework 
facilitated the identification of appropriate performance measures, and led to an agreed description of the system, its 
likely evolution and important scenarios for PA. The process was systematic, transparent and in line with guidance 
from documents concerning legislation and regulation. The outcomes have been used to identify uncertainties and to 
prioritise ongoing work, including systems modelling approaches.  Important lessons were learned concerning the 
application of a structured elicitation approach, primarily: 1. experts involved in the process need to be adequately 
briefed about the knowledge base and external factors that impact upon the purposes of the assessment (e.g. the 
regulatory framework); 2. it is necessary to integrate the qualitative framework into the overall site characterisation 
and operation plan, to ensure that required inputs are available and that outputs can help drive further information 
acquisition; 3. the dialogue among interested parties that is stimulated by the framework is of itself valuable, serving 
to help identify, communicate and gain consensus upon the key issues and risks for performance of the system; 4. 
understanding the key risks, issues and uncertainties is an essential component of the development of a 
comprehensive and robust performance assessment and monitoring strategy. 
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